We provide a succinct account of surface-bound gradient structures created from soft materials or those facilitating the study of soft materials behavior. We commence by classifying the chief attributes of gradient structures and offer a few examples of fabrication methods employed to generate such structures. We then illustrate the versatility of gradient assemblies in functioning as recording media for monitoring a physico-chemical process, facilitating fast screening of physico-chemical phenomena, and playing an important part in the design and fabrication of surface-anchored molecular and macromolecular engines for the directed transport of soft materials. 
INTRODUCTION
Soft matter gradient surfaces comprise assemblies made of soft condensed matter at interfaces and surfaces, for which at least one of the attributes of such an assembly varies gradually and continuously between two extremes as a function of the position on the substrate and/or of time. In principle, gradient surfaces can be made of all types of soft materials, i.e., liquids, including small molecules, molecular clusters, macromolecules, liquid crystals, colloids, gels, and foams. However, in reality not all the aforementioned structures have been employed in generating gradient assemblies. In this review we discuss not only (a) topics related to gradients made of soft materials but also (b) selected studies involving gradient structures that are not fabricated from soft matter, such as topographically corrugated surfaces made of metals and hard condensed matter assemblies, e.g., oxide spheres, that are utilized in studies involving the transport and assembly of soft materials.
Gradient substrates represent a special case of patterned supports. These involve structures comprising two or more regions of differing properties, such as chemical composition, topography, mechanical properties, and many other attributes. Although materials patterning sometimes results in sharp boundaries between two (or more) regions on the surface, gradient structures possess spatiotemporal character; i.e., the property of interest varies gradually over a certain distance across the substrate and/or may evolve in time. The ability to tune the character, width, and shape of the gradual change of a property between the two extremes is a unique attribute of gradient materials.
Gradient assemblies on surfaces are characterized through a few key attributes (Figure 1 ). This classification is not to be used rigidly because any gradient substrate can belong to more than one category. To demonstrate this, let us consider gradient assemblies of nanoparticles arranged in a gradual fashion on the substrate. If deposited onto a flat substrate, the particles form 
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Figure 1
A schematic illustrating various attributes of soft materials gradients.
two-dimensional (2D) gradient arrays. This assembly pattern can be fabricated by various means, including (a) vertical dipping of a substrate into a solution of particles that possess an affinity to the chemical species present on the substrate or (b) deposition of a substrate bearing a chemical gradient template into a solution of particles that adhere selectively to the different regions on the substrate. Three-dimensional (3D) particle assemblies can be manufactured either (a) by starting with a 2D gradient array of particles and repeating the aforementioned dipping procedure, accompanied with alternate deposition of chemical linkers that provide bridges between subsequent particle layers, or (b) by preparing an assembly of substrate-grafted polymers with continuously varying molecular weight (i.e., length), grafting density, or chemical composition as a function of position on the substrate and immersing such a polymeric template into a solution of particles that possess affinity to the particular chemistry of the polymer. This example illustrates that gradients of adsorbates, particles in this case, can be generated either (a) by utilizing structurally homogeneous substrates and adjusting the particle deposition process or (b) by implementing chemically or physically templated substrates and exposing them to the solution of particles. The latter process is particularly convenient because the materials template present on the substrate provides unprecedented control over the directionality, shape, and length scale of the adsorbate gradient. It also facilitates the generation of complex materials patterns that involve two or more, sometimes mutually interacting, gradient designs. The templating strategy we just described is not without flaws, however. It assumes that the entire template is selective to the adsorbate and will be available completely for subsequent fabrication. In the case of the fabricating nanoparticle gradients discussed here, we assume that particles will be able to penetrate completely the macromolecular grafts to arrange themselves into the expected 3D arrays. As this review discusses, this may not always be fulfilled due to the steric hindrance that the particles experience when penetrating dense polymer brushes.
Materials gradients can be either continuous or discrete. The spatiotemporal character of gradients, in addition to the characteristics of the gradient-forming material, leads to the variation of one or more physico-chemical properties of the final assembly. For instance, the spatial distribution of particles in gradient assemblies may influence electrical or thermal conductivity, interaction with light, the ability to bind molecular species, and many other characteristics. As we will see below, gradients that possess either static or dynamic character can be generated. Whereas in the former case, the gradient characteristics do not change with time, in the latter category of materials, any of the gradient attributes can, in principle, vary or evolve in time. Again through the use of nanoparticle adsorbates as an example, modulating the properties of the templates by some external forces, e.g., polymer conformation by changing solvent quality or the charge of an external electromagnetic field, may in turn lead to spatiotemporal redistribution of nanoparticle loading.
The progress of generating and utilizing materials gradient surfaces has been summarized in several respectable reviews (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Those papers document that materials gradients have facilitated key advances in combinatorial chemistry and materials science, including the development of catalysts, the discovery of drugs, or the design of macromolecules by facilitating high efficiency while maintaining minimized research effort and low production costs (15) . Gradient assemblies have also promoted the development of novel analytical methods and measurement techniques (16) (17) (18) (19) (20) . In this review we provide an overview of surface-bound gradient structures fabricated on or from soft materials and of those that facilitate the investigation of soft materials behavior. In our discussion we restrict ourselves to continuous gradient structures, as discrete gradients and their application in combinatorial materials science have been reviewed in detail recently (21). We commence with outlining the principal attributes of soft materials gradient surfaces and illustrate their properties by mentioning a few selected case studies. We then discuss the major functions of gradient platforms. We end this review by suggesting future developments and practical applications of such gradient structures.
GRADIENT ATTRIBUTES
We classify the properties of gradient surfaces into five categories: type, dimensionality, directionality, length scale, and temporal dependency. Those are depicted schematically in Figure 1 and are discussed in more detail below. As discussed above, each gradient structure bears traits of each of the attributes.
Gradient Type
Gradient substrates that exhibit gradual variation of any physico-chemical property may be generated. Chemical, physical, and mechanical gradients are among the most widely studied and used structures. Soft matter gradient substrates can be fabricated by employing either direct deposition or a postdeposition modification approach. In the former method, gradients are built on a parent substrate by depositing gradually the gradient-building blocks (e.g., monomers, oligomers, polymers, nanoparticles) either by naturally occurring processes (e.g., diffusion, adsorption) or by beams of a manufacturing process (e.g., controlled sample dipping into a solution, positiondependent evaporation, attachment to predefined chemical templates, deposition methods by means of external fields). In postdeposition modification methodologies, the base material, usually comprising a flat substrate bearing a natural or predefined functional primer, is progressively modified either chemically or physically (see References 1 and 14 for detailed descriptions of the various gradient-forming techniques).
Various direct deposition and postdeposition modification methods for generating chemical gradients have been developed during the past few decades. These utilize directed deposition of atomic (e.g., metals) or molecular [e.g., small synthetic precursors (22, 23), peptides] clusters to fabricate 2D materials gradients on surfaces (Figure 2 ) (for detailed citations see Reference 14) . Whereas coating supporting substrates with metal or small organic moieties generally results in 2D gradient assemblies (24), 3D gradient layers can be fabricated either by depositing larger organic clusters (e.g., proteins) or nano objects (e.g., nanoparticles, nanotubes) or by anchoring chemically assemblies of macromolecules. The former class of methodologies results in the formation of quasi-3D gradient coatings with position-dependent properties on the substrate. Thicker 3D gradients have been formed nearly exclusively by decorating substrates with polymer layers whose thickness ranges from a few nanometers to a few micrometers (for detailed citations see Reference 14) . In some instances, gradients have also been fabricated by means of external fields (25) or pH modulation during materials deposition on the surface (26).
In postdeposition modification methods, gradient assemblies are formed by exposing chemically or physically homogeneous substrates to a gradual dose of either a chemical modifier or a physical modifier (for detailed citations see Reference 14) . Some postdeposition modification methods leading to a surface-bound chemical gradient pattern involve first forming substratebound precursors from self-assembled monolayers (SAMs) and then either (a) altering the chemical nature of the assembled functional groups in the original SAM molecules (i.e., photo-oxidation of end groups) to another group by external beams (Figure 2a ) (27-30) or (b) selectively removing certain sites on the substrate and filling the empty space on the support with other molecules (31, 32).
In physical gradients, some physical property of the material, such as substrate rigidity (i.e., Young's modulus), roughness, or porosity, varies gradually across the substrate (33). Gradients in materials modulus are particularly useful in biological studies because modulus greatly affects cell motility on substrates (so-called durotaxis) (34). Various methods leading to the fabrication of such structures were originally conceived by Frey & Wang (35) and were later perfected by Wong and colleagues (36-38) and others (39). We provide more details about the fabrication and utilization of these materials below. Surfaces with position-dependent variation of topography/roughness have also been fabricated. The methods utilized in the preparation of such structures have employed the selective removal of one chemical component from multicomponent chemically modulated surfaces (40), chemical polishing of roughened metal supports by immersing the specimens vertically into a solution of an etchant (Figure 3a) (41), sintering of porous substrates (42), position-dependent melting of close-packed assemblies of soft nanospheres (Figure 3b ) (43), and other techniques (44) (45) (46) (47) . Researchers have also developed methods that involve phase separation of immiscible polymer films cast onto surface-gradient substrates (48) , sequential positiondependent deposition of nanoparticle layers (Figure 3c ) (49) , electrochemical deposition of metals (Figure 3d ) (50), and photolithography-assisted molding or pillars and holes (Figure 3e ) (51) , among others (52) . The combined effects of surface topography and chemistry have also been investigated (53) . As is discussed below, gradient substrates with a gradual variation of roughness have been employed in studies investigating the effect of substrate topography on cell adhesion (54, 55) .
Special types of physico-chemical gradients include those involving gradients in liquids transferred onto substrates (56, 57) and those featuring gradients of pH (58) (59) (60) and refractive index (61) . Those are not discussed in this review.
Gradient Dimensionality
3D soft matter gradient assemblies are built by various manufacturing methods; the 3D hierarchy is accomplished either in a single production step or by building layers sequentially on the substrate. Early efforts involved the utilization of the so-called knife-edge coating technique (62) (63) (64) to form polymer layers with a gradual variation of composition and/or thickness. Other procedures included plasma polymerization on surfaces (65) (66) (67) (68) , electrodeposition (69) , and chemical vapor deposition (70) . A popular class of methodologies utilizes chemical grafting of polymer chains to the substrate by employing either grafting-onto or grafting-from technologies (71) .
Grafting-onto techniques benefit from attaching chemically end-functionalized polymer chains onto reactive sites on the substrate by deposition from solution or melt. These methods produce gradients in grafting density (i.e., number of polymer chains per unit area) of polymer chains, as demonstrated by References 72-77. In grafting-from techniques, polymer layers are built by carrying out surface-initiated polymerization from surface-bound polymerization initiator centers that reside directly on the substrate. Numerous variants of this approach have been implemented (78) . For instance, Liedberg and coworkers (79-81) exposed activated surfaces to the solution of a monomer and carried out free-radical polymerization via exposure to UV light. The researchers adjusted the length of the grafted chain on the various section on the substrate by modulating the UV dosage by means of a movable shutter (79) (80) (81) . The living nature of polymerization in controlled radical polymerization has been employed to form complex gradient patterns on materials substrates (Figure 4a ). For instance, Genzer and colleagues used atom transfer radical polymerization (ATRP) to generate gradients in molecular weight of the anchored polymer either by gradually immersing a substrate decorated with surface-bound initiator SAMs into a polymerization solution (82) or by gradually draining the polymerization solution from a chamber that had the initiator-covered substrate placed vertically in it (83) . A simple extension of these approaches facilitated the generation of orthogonal gradients in diblock copolymer assemblies with position-dependent lengths of both blocks ( Figure 4b ) (84, 85) . Wu and coworkers reported preparing polymer grafting density gradients on flat silica-based surfaces by forming a gradient of an organosilane-based initiator for ATRP by the vapor diffusion method (87, 88) , followed by grafting-from polymerization of various monomers (Figure 4c ,d ) (87-89). Zhao (90) later extended this design to form counterpropagating assemblies with double grafting density gradients made of two chemically distinct polymer grafts. Wang & Bohn (91) and Ratcliff & Hillier (92) utilized electric field gradients to modulate the density and chemical composition of polymeric grafts on surfaces in a gradual fashion. These researchers generated double-polymer gradients by carrying out electrochemical deposition of an ATRP initiator followed by grafting-from polymerization (93) and by electrochemically filling the "empty" spaces on the substrate with a new initiator from which another polymer was grown (94) . Other methodologies for controlling the gradient nature of surface-anchored layers during ATRP have also been reported (95). The methods described above also facilitate chemical tailoring of 3D assemblies in the form of gradients. Surface-anchored gradients comprising block copolymer grafts with a gradual variation of the length of at least one of the blocks were synthesized by sequential polymerization of two or three monomers combined with methods of producing a molecular weight gradient of surfaceanchored macromolecules (84, 85, 96) . Xu and coworkers (97, 98) prepared surface-anchored statistical copolymers on flat substrates with position-dependent gradients in composition by means of a microfluidic setup. Postdeposition modification methods, such as corona treatment (6, 14) or electron-beam bombardment (29-30, 99), were coupled with grafting-from polymerization methods to generate 3D surface-anchored soft scaffolds. Methods leading to the formation of 3D molecular gradients in gels have also been developed (100).
Gradient Directionality
All gradient structures are directional. The most commonly fabricated gradient assemblies are unidirectional; i.e., they possess a variation of at least one physico-chemical property in (at least) one direction along the substrate. Unidirectional, counterpropagating gradients of densities of two chemical moieties have also been fabricated. Unidirectional gradients represent a subset of a more general radial gradient motif, in which the gradual variation of a physico-chemical property evolves radially from a center point. As is discussed below, investigators can form gradients that The first step of the procedure consists of decorating the silicon wafer with a PHEMA brush with a varying polymer length using the dipping method. Then, after the sample is rotated orthogonally, the PHEMA brush is used as a macroinitiator, enabling the polymerization of methyl methacrylate (MMA) with a gradual variation of length of poly(methyl methacrylate) (PMMA). The resultant sample comprises PHEMA-b-PMMA copolymers with systematic variation of the lengths of both blocks. In the photograph of the actual sample, the darker color corresponds to a thicker PHEMA-b-PMMA layer. MW denotes molecular weight. propagate in multiple directions; each gradient involves, in principle, a variation of a different materials property. A great benefit of the various preparation methods that lead to surface-bound gradients is that they can be combined to form complex multigradient assemblies. These facets involve variation of two or more physico-chemical properties across the substrate concurrently and independently of one another. Examples of such structures are gradient assemblies comprising two different chemistries, or two dissimilar materials characteristics, such as chemistry and roughness or chemistry and substrate modulus. Literature examples include so-called orthogonal gradients, in which two materials properties vary independently across the specimen in two perpendicular directions. Early studies involved the formation of orthogonal gradients exhibiting variation of (a) polymer film thickness/chemical composition, (b) film chemical composition/process temperature, or (c) film thickness/temperature (62) . Subsequent motifs included polymer assemblies comprising orthogonal gradual variation of molecular weight and grafting density (MW/σ ) (4, 5, 101, 102) and molecular weight of two blocks in a diblock copolymer (MW1/MW2) (4, 5, 84, 85, 103, 104) . Triangular assemblies that involve the variation of three independent characteristics have also been prepared, as demonstrated by Tomlinson & Genzer (85) , who fabricated substrates decorated with triblock copolymers comprising independent variation of lengths of three individual blocks.
Gradient Length Scale
Discrete gradient substrates are made of many individual samples, each having a distinct materials property. The characteristics of the individual discrete regions do not have to vary gradually and monotonously, however. In contrast, continuous gradients represent a collection of uniform specimens that are placed together so that they form a substrate with monotonously varying character across the sample. The dual nature of a continuous soft materials gradient, i.e., discrete on local scales (nano to micro) and continuous on the meso scale (micrometer to centimeter), makes the gradient structures a powerful tool for studying systematically a variety of physicochemical events and for driving certain physico-chemico-biological phenomena. We discuss in detail the dual-length-scale character of gradient assemblies and their applications in Section 3 of this review.
The length scale over which gradients span across the substrate depends on the fabrication methodology. Although most conventional gradient-forming methods reported in the literature result in materials gradients spanning distances ranging from a few millimeters to centimeters, certain fabrication techniques facilitate the generation of materials on much smaller length scales. These involve replacement lithography (Figure 5a ) (31), edge-spreading lithography (Figure 5b ) (105) , deposition of organosilanes by means of silicone elastomer stamps with different curvatures (Figure 5c ) (106) , UV laser irradiation of substrates via optical cable (28), chemical conversion of alkenethiol-based SAM molecules with soft X-rays or electron beams (29-30), and plasma polymerization (66) . Some methodologies offer the ability to fine-tune the length scales of gradients, including, for instance, molecular gradients formed on flexible supports (Figure 5d ) (107) . Novel gradient-forming techniques that permit the generation of chemical and/or physical gradients on a nanometer-to-micrometer scale are constantly being developed (108, 109).
Gradient Temporal Dependency
Most gradient motifs on substrates are static; i.e., their physico-chemical characteristics have been set through the method of formation and do not change with time. Some soft materials gradient designs are dynamic. They change their position-dependent appearance in response to variation 
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of some external stimulus (e.g., solvent quality, pH, temperature, electromagnetic field, or ion concentration). An example of a dynamic gradient involves the application of a calix [4] resorcinarene coating deposited onto a silica support that changes its conformation between cis and trans states as a response to light of various wavelengths. This process results in a dynamic wettability gradient when the light source is moved continuously across the substrate (Figure 6a) (110) . Dynamic gradient types were created by varying other external fields, such as temperature (111, 112) , pH (113), or electrochemical potential. For instance, Isaksson and coworkers (114) described a method for producing a wettability gradient by an external voltage. Yamada & Tada (115) reported the formation of dynamic wettability gradients; these researchers first decorated substrates with ferrocenyl alkanethiols and then applied in-plane gradients in the electrochemical potential between the ends of the substrate. Reversibility in nitrobenzene and dichloromethane drop motion on wettability gradients was also reported (115) . Dynamic wettability gradients can also be formed by coating physically rough substrates with polyelectrolyte layers, accompanied with ion exchange involving hydrophilic and hydrophobic counterions (Figure 6b) (116) . Dynamic gradients driving the motion of biological moieties (e.g., microtubules) have been produced by temperature modulation of surface-grafted thermoresponsive polymer coatings (Figure 6c ) (117) . Polymer assemblies comprising two (or more) chemical units have also been studied as potential candidates for generating responsive gradient patterns. The responsive nature of such substrates stems from modulating the selective solubility of individual chains (or parts of chains) assembled in a gradual fashion by varying solvent quality or the pH of the surrounding solution. For instance, Ionov and coworkers created responsive polymer surfaces (118) comprising mixed brushes made of poly(acrylic acid) (PAA) and poly(2-vinyl pyridine) (P2VP) (119), whose grafting density changed gradually across the substrate in two opposite directions. The pH variation in these mixed-brush gradients resulted in swelling of the P2VP brushes at low pH and swelling of the PAA brushes at high pH (Figure 6d ). Other research groups have exploited the solvent-dependent swelling/collapse of blocks in gradient copolymer brushes (Figure 6e ) (84, 85, 120) . A special category of dynamic gradients involves chemical patterns that are produced by mixing liquids inside microfluidic channels ( Figure 7 ) (10; 13, and accompanying articles in the same issue; 121; 122). Such patterns are formed by infusing multiple solutions simultaneously into a channel network through various inlets, after which the fluid streams repeatedly split, mix, recombine, and branch. Finally, a chemical gradient is established in a single large channel that is perpendicular to the flow and combines all individual branches of fluids present. What distinguishes this class of gradient structures from the conventional gradient assemblies is that the former are not surface bound; rather, they exist (and evolve with time) inside a narrow channel of a microfluidic device. Multiple studies demonstrated the versatility of this method in probing numerous biological phenomena (10, 13, 123-125).
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GRADIENT FUNCTIONALITY
Surface-bound gradients are functional materials. To this end, many fabrication methods leading to generating substrate-bound gradients can be employed to record and store important physical phenomena. that substrate (126) and enables monitoring of polymerization kinetics in a systematic manner and a facile manner, respectively (82, 83) . Assemblies of polymers with a gradual variation of polymer chemical composition, density, and length are also conveniently suited to screen important physico-chemical events, e.g., protein adsorption on surfaces (1, 6, 9) . In all such studies, the key advantage of gradient patterns in probing and understanding complex physico-chemical
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Figure 8
A schematic illustrating functionality of soft matter surface-bound gradients.
phenomena is that the monotonic and continuous variation of the characteristics of the underlying gradient pattern eliminates the need for any interpolation to determine the surface response, thus enabling unambiguous interpretation of experiments that take place at the gradient/medium interface. Surface-anchored gradient structures can act as soft matter engines capable of driving various phenomena. Such structures are involved in many important physical and biological physical processes-including directed transport of liquids along surfaces; movement of bacteria toward nutrients (127) ; and locomotion of motor proteins such as kinesin, which can haul cargoes attached to them along microtubular tracks (128)-and can play an integral role in studies pertaining to interfacial tissue engineering (129). Below we discuss gradient functionality in terms of the gradient's ability to record, screen, and drive a certain phenomenon (Figure 8) . Because the function involving property tuning is discussed above, we concentrate primarily on these three capabilities.
Recording a Phenomenon
Fabrication methods resulting in the formation of soft materials gradients bound to supports provide convenient means of recording various time-dependent physical phenomena. The gradient pattern thus obtained then bears a memory of the deposition process and represents a convenient recoding medium, which facilitates facile and expedient analysis of the process studied.
Tomlinson and coworkers (82, 83) employed gradient geometry to study the kinetics of the surface-initiated controlled radical polymerization of poly(methyl methacrylate). They established the "living" nature of the macroinitiator in surface-initiated ATRP and confirmed that the reaction obeyed the predicted dependence on the concentration of the activator and deactivator species in the polymerization mixture. Jhon and coworkers (130) investigated the kinetics of the postpolymerization bromination reaction of surface-grafted polystyrene chains (Figure 9a) . Shovsky & Schönherr (131) utilized gradients to monitor reaction kinetics, rate constants, and activation energies and determined entropies associated with surface reactions of alkaline hydrolysis of model SAMs on materials surfaces.
The gradient set up is well suited for recording time-dependent adsorption of small molecules and nanoparticles or nanotubes (132) from solution onto surfaces. For instance, Morgenthaler et al. (133) studied the adsorption of poly(L-lysine)-graft-poly(ethylene glycol) copolymers onto metal oxide substrates by gradually immersing flat substrates into the copolymer solution. Jhon and coworkers (126) used a similar setup to probe the effect of comonomer sequence distribution in random copolymers on their adsorption on solid substrates. Adsorption studies of pluronics (PEO-PPO-PEO triblock copolymers) on wettability gradients established that the PPO block governed the adsorption of the pluronics to surfaces (134 Substrates coated with gradient assemblies of surface-grafted polymer brushes have been used to monitor swelling and collapse of copolymer blocks with selective solvents (84, 96, 120) . Several studies have demonstrated the suitability of combinatorial approaches to study the coalescence of droplets on chemically heterogeneous gradient substrates (135), the order-disorder transition in grafted oligoalkanes on surfaces, and phase separation in immiscible homopolymer blends (136) . Using a gradient setup, Douglas and coworkers (137) discovered that the mechanism involved in forming molecular gradients of organosilane SAMs on silica flat substrates by vapor diffusion depends on the geometry of the diffusing system; in confined systems, the molecules grow in a propagating wave-like fashion that is different from the classical diffusion mechanism of growth (Figure 9b). 
Screening a Phenomenon
When one is employing gradient assemblies on surfaces in screening a given materials property, it is important to assure that the change in the characteristics of the individual elements of the library is small enough for one to ascribe unambiguously the measured property to the characteristics of underlying library elements. The size of the discrete spots on the sample, into which the overall gradient structure can be subdivided, has to be small enough so that the size of an individual element of the library can be considered to possess a uniform property. This constraint requires that the lateral resolution of a given analytical method used to probe such a property be smaller than the lateral variation of the gradient (64) .
Substrates with gradient patterns have played a critical role in screening the interfacial partitioning of soft materials structures on surfaces and interfaces. Gradient geometries have facilitated systematic studies of the structure and surface morphologies in thin block copolymer films (Figure 10a) (63, (138) (139) (140) (141) , liquid stability (142), thin polymer films (Figure 10b) (62, 106, 139, 143) , phase behavior in polymer blends (Figure 10c) 
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or nanowires (158) , into SAM or polymer brush-based matrices (Figure 11) . Novel measurement and calibration platforms that are based on gradient patterns on surfaces have been introduced (Figure 12a ) (18) . Gradient geometries have also proven vital in assessing mechanical characteristics of soft materials. These studies include a gradual transition from hard to soft tissues by self-assembling diblock copolymers displaying a noncollagenic block and a stiffness tunable block made up of an elastin-like (soft), an amorphous polyglycine (intermediate), or a silk-like (hard) material (159), establishing novel methods for systematic assessment of the elastic modulus of polymeric and nonpolymeric materials thin films (Figure 12b ) (17) . Gradient structures have been utilized in studies involving the interaction of biological materials with surfaces more frequently than in other fields of science and technology. This activity is due largely to the need to screen systematically the many parameters that affect the partitioning of biomolecules at surfaces and interfaces. To this end, soft materials gradients have been employed in methodical studies of adsorption of surfactants (160), bacteria (161, 162) , and proteins ( Figure 13) (6, 30, 75, 81, 147, 160, 163-175 ). Surface-bound gradients have also been applied successfully in studies pertaining to platelet adhesion (176, 177) , enzyme immobilization (178), cell motility, encapsulation, adhesion and proliferation (2, 10, 40, 54, 55, 67, 102, 103, 127, (179) (180) (181) (182) (183) (184) (185) (186) (187) (188) (189) (190) (191) (192) (193) (194) (195) (196) , hybridization on biochips (197) , biosensor design (66, 79, 80) , and tissue engineering (198) . More detailed discussion pertaining to the application of soft materials gradients in biomaterials and biological sciences can be found in recent comprehensive reviews (6, 8, 9 ).
Driving a Phenomenon
Gradient assemblies on surfaces can be exploited as surface-bound engines driving a phenomenon, most notably a motion of an adsorbing object. Certain requirements have to be fulfilled for the gradient structure to act as an efficient propeller. The gradient steepness (i.e., the rate of change of property with position) and the gradient strength have to be high enough (and should extend over small enough distances on the surface) so that the adsorbed object, such as the moving object, e.g. front side and the back side. In this respect, shallow gradients, whose steepness changes over the millimeter-to-centimeter range, are best suited to drive the motion of liquid drops, whereas sharp gradients with dimensions spanning a few tens to hundreds of micrometers should be employed for studying the mobility of smaller objects, such as living cells.
Gradient patterns on surfaces have traditionally been used in transporting liquids across surfaces by implementing the gradient in the interfacial tension at the front and back edges of the drop acting at the droplet/substrate/air interface. The drop motion can be tailored by adjusting the chemical nature of the moving droplet (199) , by tuning the chemical and topographical properties of the gradient substrate (200) , or by exerting an external force such as substrate vibration (201, 202) . A large body of work pertaining to probing liquid motion due to static gradients as well as dynamic gradients has recently been presented (114, (203) (204) (205) (206) (207) (208) .
Surface-bound gradients have also been utilized as directional engines capable of driving synthetic (209) studies have reported the response of living cells (orientation and migration) (210) (211) (212) (213) (214) to the variation of chemistry (chemotaxis, haptotaxis) (215, 216) , light intensity (phototaxis) (217), electrostatic potential (galvanotaxis) (218) , gravitational field (geotaxis) (219) , mechanical properties (durotaxis) (35-39), substrate topography (220, 221) , and the concurrent combination of several cues (Figure 14) (222) . Many of those studies employed (a) static or dynamic gradients in physico-chemical properties or micropatterned arrays of asymmetric regions of sticky groups on the substrate (223) that governed the locomotion of cells (224) , kinesin, and actin (75, 225) and axon growth (226) and (b) microfluidic gradients to study chemotaxis and morphogenesis (13).
SUMMARY AND OUTLOOK: QUO VADIS GRADIENTS?
In this review we summarize briefly the progress achieved in the field of soft materials gradients achieved over the past five decades. Due to space limitations, we do not provide all details and cite appropriate references pertaining to the stimulating developments in the field; interested readers should consult recent reviews on this topic (1, 8, 9, 14) as well as relevant publications listed in this article and the cited reviews. Surfaces with gradient attributes, many of which are identified and described in this article, not only have enabled the generation of appealing surface motifs but, more importantly, have facilitated systematic studies of physico-chemical phenomena, enabled the generation of responsive materials, and provided the means of dynamically adjusting physico-chemical aspects of surfaces.
During the past half-century, the area of combinatorial materials science pertaining to preparing and utilizing soft materials gradients on surfaces and confined spaces has developed into a mature scientific discipline. Since the beginning gradient substrates have played a pivotal role in systematic research of the behavior of soft materials. Many ingenious methods have facilitated the formation of gradient structures with tuned size, strength (i.e., the difference between the two extremes of properties), steepness, directionality, and other key attributes listed in this review. Applied alone or in tandem with another gradient type in an orthogonal (or a triangular) arrangement, those structures have provided a convenient platform for systematic studies of various physico-chemical phenomena. In spite of great progress in this area, many challenges lie ahead. One of those challenges involves the development of methods capable of generating spatiotemporal gradient structures with tuned size and strength. Gradients based on the microfluidic approach have been among the fastest-growing and most-developed structures in this area. However, they are not truly surface-bound assemblies because they form in a narrow gap of continuously flowing fluid. Polymer-based responsive surfaces, whose function can be triggered or programmed by some external field, should be designed and manufactured; they will facilitate the formation of surface-grafted systems with responsive character and tunable size. Because many elements needed to construct such systems are already in place, it is reasonable to expect that progress in this area will soon occur. If built, such structures will enable the construction of complex systems involving multigradient, orthogonal (or triangular) platforms with unprecedented function and capabilities. They could exist alone or could be incorporated into future lab-on-chip devices.
One area that has benefited greatly from the application of soft matter gradients involves studies of biological objects. As discussed above, gradients have been applied successfully over the past few decades in many systematic studies of various interfacial phenomena involving biological moieties such as proteins, bacteria, and cells. Despite considerable progress, many unexplored opportunities remain. Those involve studies of spatiotemporal behavior of living cells as a result of stimuli originating from the substrate. One of the many questions to answer with regard to cell interaction with substrates involves differentiation between the roles of durotaxis and chemotaxis in cell motion. Such questions might be answered by constructing orthogonal gradients comprising a gradient in modulus and chemical cue that span the length scale of a cell length, i.e., a few or tens of micrometers.
The development of new imaging and analytical methods that can be employed in characterizing the properties of such gradient structures as well as many important phenomena that require the utilization of surface-bound soft materials gradients guarantees further progress in this field. Overall, the future of soft materials gradients is truly promising.
SUMMARY POINTS
1. Over the past 50 years, great progress has been made in generating surface gradient platforms that facilitate the study of soft materials behavior on surfaces.
2. Surface-bound gradients possess a discrete character or a continuous character.
3. Ingenious methods enable control over gradient type, dimensionality, directionality, spatial control, length scale, and temporal dependency.
4. Important attributes of gradients include gradient strength (i.e., the difference between the extremes of the end properties), gradient shape, and gradient steepness (i.e., the rate of strength with respect to the length scale).
5. Surface-bound gradients can act as effective structures capable of tuning a property, recording a phenomenon, screening a phenomenon, and driving a phenomenon.
6. Gradients have played a pivotal role in materials discovery, structure building, monitoring and recording of chemical reactions, and inspection of physico-chemico-biological events. The continuous structure of gradients facilitates faster, more reliable, and efficient evaluation of various physico-chemical phenomena not interrogated with intervening gaps.
7. Spatiotemporal gradients facilitate the generation of intelligent platforms for directing a phenomenon on surfaces, most notably the motion of adsorbates.
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